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Abstract 
Multiple electrochemical processes are involved at the catalyst/electrolyte interface 
during the oxygen evolution reaction (OER). With the purpose of elucidating the 
complexity of surface dynamics upon OER, we systematically studied two Ni-based 
crystalline oxides (LaNiO3-δ and La2Li0.5Ni0.5O4) and compared them with the 
state-of-the-art Ni-Fe (oxy)hydroxide amorphous catalyst. Electrochemical 
measurements such as rotating ring disk electrode (RRDE) and electrochemical quartz 
microbalance microscopy (EQCM), coupled with a series of physical 
characterizations including transmission electron microscopy (TEM) and X-ray 
absorption spectroscopy (XAS) are conducted to unravel the exact pH effect on both 
the OER activity and the catalyst stability. We demonstrate that for Ni-based 
crystalline catalysts the rate for surface degradation depends on the pH and is greater 
than the rate for surface reconstruction. This behavior is unlike for amorphous Ni 
oxyhydroxide catalyst which is found more stable and pH independent. 
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Water splitting is considered as a promising strategy to store energy from renewable 
energies in the form of a fuel (H2) and has therefore attracted tremendous attention in 
recent years. 
1-2
 Nevertheless, the sluggish kinetics of the half reaction occurring at 
the anode, namely the oxygen evolution reaction (OER), currently limits the 
efficiency of the overall process, hence calling for the development of better 
electrocatalysts. Despite recent successes at designing earth-abundant crystalline or 
amorphous transitional metal oxides and oxyhydroxides,
3-6
 our understanding of the 
active catalysts’ structure and structural stability is still insufficient. 
The activity of lattice oxygen for participating the in the OER has previously been investigated 
by isotopic labeling experiments coupled with differential electrochemical mass spectroscopy 
(DEMS) on RuO2
7
 and on Au electrode
8
. Results showed that O-O bonds could be formed 
between the lattice oxygen and surface absorbed oxygen, following a mechanism which can be 
compared to the well-known Mars-Van Krevelen (MvK) mechanism previously described for 
gas phase catalysis.
9
 Recent discoveries further pointed towards common intermediates 
responsible for the involvement of lattice oxygen into the OER mechanism
7-8
 but also into the 
surface degradation.
6, 10-13 Moreover, triggering the redox activity of lattice oxygen was 
found to often be associated with a strong pH dependence for the anodic current,
14-17
 
suggesting either a decoupled proton-electron-transfer mechanism for which the 
rate-determining step is shifting from the formation of O-O bonds to the 
deprotonation of OH(ads) or OOH(ads), or the chemical formation of pre-catalyst as 
being rate limiting. In any case, it was further demonstrated that the proton transfer 
kinetics at the catalyst/electrolyte interface becomes limiting for a wide variety of 
OER catalysts.
18-19
 However, when the kinetics for refilling oxygen vacancies is slow, 
instability for oxide catalysts is often observed.
3, 20-21
 This instability originates from 
cation dissolution which is triggered by the lowering of their coordination, hence 
often resulting in a rapid surface amorphization accompanied with a change of the 
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oxidation state for the transition metal on the surface, which led researchers to term 
these catalysts as redox active.
22-23
 From these recent findings, understanding the 
delicate equilibriums existing on the surface of crystalline transition metal oxides 
appears to be vital for the development of efficient and stable OER catalysts. This is 
particularly true following recent knowledge developed for electrodeposited catalysts 
such as Co phosphate (CoPi)
24-25
 or Ni-Fe oxyhydroxide (Ni1-xFexOOH)
17, 26
 for which 
a constant dissolution/redeposition process involved in the OER, also often poised as 
self-healing mechanism, places them at the border between solid heterogeneous and 
molecular homogenous catalysts. 
In detail, the rapid surface reconstruction occurring for some oxide catalysts during 
the OER may involve multiple steps, including water adsorption and oxidation 
followed by oxygen release
27
, catalyst degradation and cation dissolution induced by 
the evolution of lattice oxygen, the subsequent re-deposition process and the 
formation of amorphous surface with a structure often resembling that of 
(oxy)hydroxide-like species. So far, the complexity of the surface dynamics and our 
poor knowledge of the kinetics associated with each step hampered our understanding 
of the OER mechanism
28
, hence calling for a protocol to accurately study these 
catalysts. This is especially true regarding the exact effect of pH which, by modifying 
the different equilibriums occurring at the catalyst/electrolyte interface, can impact 
both the activity and the stability of the catalysts. 17 
With the purpose of unveiling the pH effect on the underlying OER mechanism, we 
developed a redox active OER catalyst La2Li0.5Ni0.5O4±δ (LLNO) with 
Ruddlesden-Popper (RP) structure in which Li
+
 serves as sacrificial cation that 
leaches out under OER conditions to activate the redox activity of the surface and 
initiate further surface degradation that we aim at studying in this work. This RP-type 
LLNO phase was designed as a redox active Ni
3+
 counterpart to LaNiO3-δ which was 
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previously suggested to undergo lattice oxygen oxidation and evolution.
21
 We then 
systematically studied the physical and electrochemical properties of these two 
Ni-based crystalline oxides and compared them with the state-of-the-art Ni-Fe 
(oxy)hydroxide (Ni1-xFexOOH) amorphous catalyst
26, 29
 (Supplementary Figure S1). 
Coupling electrochemical tools such as rotating ring disk electrode (RRDE)
30-31
 and 
electrochemical quartz microbalance microscopy (EQCM) with physical 
characterizations such as X-ray diffraction (XRD), transmission electron microscopy 
(TEM), and X-ray absorption spectroscopy (XAS) at Ni K-edge, we discuss in this 
study the exact effect of pH on both the OER activity and the catalyst stability for 
each of these different classes of compounds.  
 
The structures of LLNO and LaNiO3-δ were first examined using Rietveld refinements 
of data from laboratory XRD measurements (Figure 1a and Figure S1). The LLNO 
compound shows the Ruddlesden-Popper structure with a space group of I4/mmm, 
indicative of a disordering of NiO6 and LiO6 octahedra sharing corners and forming 
layers along the ab plane in between which La
3+
 cations occupy a position with 9-fold 
coordination.
32
 LaNiO3-δ possesses the rhombohedral perovskite structure with 3D 
arrangement of corner-shared NiO6 octahedra. In contrary, the amorphous and 
electrodeposited Ni (oxy)hydroxide is composed of units of less than 10 edge-shared 
NiO6 octahedra with terminal under-coordinated oxygen, as previously refined by 
XAS measurements.
29, 33-34
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Figure 1. Structural characterizations of La2Li0.5Ni0.5O4. (a) X-ray powder diffraction 
pattern with Rietveld refinement. (b) [110] high-resolution HAADF-STEM image 
showing the structure of La2Li0.5Ni0.5O4. (c) Electron diffraction patterns along [100], 
[010], and [110] directions for La2Li0.5Ni0.5O4. (d) Ni K-edge XANES absorption spectra 
recorded for La2Li0.5Ni0.5O4 and LaNiO3–δ. (e) Magnitude of Fourier transform of 
K3-weighted EXAFS oscillations for the pristine La2Li0.5Ni0.5O4 and LaNiO3–δ. In inset is 
shown the EXAFS oscillations in k-space. 
 
Following this structural determination, the Ni oxidation state for crystalline LLNO 
and LaNiO3-δ was determined by the means of Ni K-edge XAS spectroscopy (Figure 
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1d-e). When compared to LaNiO3-δ, a slight shift towards higher energy for the Ni 
K-edge was measured for LLNO, suggesting a slightly higher Ni oxidation state 
which could be explained by the presence of oxygen vacancies in LaNiO3-δ, as often 
reported for as synthetized compound.
35
 The crystal structure of LLNO was further 
confirmed by TEM: high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) images visualize the cations arrangement in the LLNO 
structure (Figures 1b, S2 and S3) and show a clean surface with only a very thin 
amorphous layer of 0.5 nm. Furthermore, while laboratory XRD was showing an 
average disordering of Li and Ni, electron diffraction patterns (Figure 1c) shows 
crystallites with a local ordering of NiO6 and LiO6 octahedra, confirming the Ammm 
symmetry and lattice parameters previously proposed. Finally, the 0kl: k+l=2n+1 
reflections in the [100] patterns are due to twinning with [010]. 
Figure S4-S5 shows the electrochemical activity under OER conditions normalized by 
surface area as deduced by Brunauer, Emmet, Teller (BET) measurements for LLNO 
and LaNiO3-δ and compared to the one measured for the nickel (oxy)hydroxide film as 
normalized by geometric surface area. Similar anodic currents as well as Tafel slopes 
were obtained for LLNO and LaNiO3-δ after the first cycle, suggesting similar OER 
mechanism and kinetics for these two crystalline Ni-based compounds.  
RRDE measurements
30-31
 were further carried out to better understand the effect of 
pH on the anodic current, and more specifically the current resulting from the oxygen 
evolution on the surface of the catalyst from the contribution arising from catalyst 
degradation (Figure 2 and Figure S6). By calculating the collection efficiency 
                at a fixed potential (E = 1.6 V vs. RHE) at which the oxygen 
evolution occurs, the effective current contributing from oxygen evolution can thus be 
estimated.
30
 The RRDE study reveals that the OER activity for both LLNO and 
LaNiO3- increases with the pH while it remains mostly constant for the amorphous 
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film (Figure 2c). The collection efficiency for both LLNO and LaNiO3-δ was found to 
decrease with pH from around 10% at pH 12.5 to around 5% at pH 14 (Figure 2e). In 
contrast, while the collection efficiency was also found to be close to 10% at pH 12.5 
for the Ni(Fe)OOH film after 10 cycles, very stable OER performances and 
contribution from the oxygen evolution to the anodic current were found for this 
catalyst at every pH (Figure 2e).  
 
Figure 2. pH dependent activity and O2 evolution efficiency studied by the RRDE 
measurement. (a) scheme for the RRDE experiment. (b) Results obtained for LLNO at 
pH 12.5, 13 and 14. (c) pH dependent OER activities with stabilized current measured 
by the disk electrode after activation for 10 cycles at a working potential of 1.6 V vs. 
RHE. (d) the corresponding ring current, and (e) the collection efficiency          
      . The collection efficiency (η) of the RRDE system is estimated to be around 10 
% as obtained on the electrodeposited Ni(Fe)OOH film catalyst (see methods in the 
Supplementary Information). 
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Observing that the anodic current for LLNO was found to increase with cycling at pH 
13 while it was found stable for the two other Ni-based catalysts at every pH (Figure 
S7), we further investigated the effect of cycling on the collection efficiency as a 
function of pH (Figure 3). The three Ni-based model catalysts were found to 
demonstrate contrasted stability features when cycling at different pH. For the LLNO 
sample, an activation process at pH 12.5 and pH 13 during the initial 10 cycles is 
observed, with the collection efficiency (η) increasing from ~6% up to 12%. The low 
collection efficiency in the initial 1-3 cycles may be ascribed to the redox process 
induced by the gradual leaching of cations from the LLNO structure, whereas the high 
value of η obtained after activation would be a strong indication for a stable oxygen 
evolution current. However, when cycling LLNO at pH 14, poor oxygen evolution 
with a collection efficiency lower than 5% was found, suggesting that the main 
contribution to the anodic current originates from parasitic oxidation/corrosion 
phenomenon. We could further detect a continuous loss of electrochemically active 
surface area for LLNO at pH 14 as seen by the gradual decrease of the 
pseudocapacitive contribution upon cycling (Figure S9-10). For the LaNiO3-δ sample, 
after an initial drop for the first few cycles, the ring current for oxygen detection and 
the collection efficiency are found relatively stable at each pH during cycling, 
suggesting that the rate for parasitic oxidative reaction during OER is very slow. 
Nevertheless, the overall collection efficiency was found to decrease with pH which 
suggests that the pH affects the degradation rate which gets stronger at higher pH. On 
the other hand, for Ni(Fe)OOH the disk current, ring current and the collection 
efficiency are found fairly stable upon cycling and they show no dependence on the 
pH.  
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Figure 3. Electrochemical stability for the three nickel bases catalysts versus cycling 
and pH: LLNO, LaNiO3–δ, and Ni(Fe)OOH. The disk current (a), ring current (b), and the 
collection efficiency (c) are plotted vs. the cycling number. The low collection 
efficiency (η < 8%) is ascribed to the significant degradation process such as cation 
dissolution. 
 
Therefore, the anodic current measured for the amorphous film arises from oxygen 
evolution, whereas for crystalline nickel-based oxides a non-negligible part of the 
current originates from a catalyst degradation process which is enhanced at high pH. 
We could finally show that the decreased collection efficiency found for LLNO and 
LaNiO3-δ with pH is not arising from the use of carbon additive by showing that the 
collection efficiency measured for Ni(Fe)OOH is not affected by the addition of 
carbon (Figure S8).
36
 This is consistent with the observation that the pseudocapacitive 
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current decreases for LLNO with cycling (Figure S9-10) while the collection 
efficiency is found rather constant (Figure 3c), indicative of a reduction of the 
electrochemically active surface area due to surface degradation while the part of the 
anodic current arising from the OER remains almost constant. 
We further probe the degradation process occurring for these catalysts by the means of 
electrochemical quartz crystal microbalance (EQCM) (Figure 4). Using this 
weight-sensitive technique, we could conclude that the LaNiO3-δ catalyst shows only a 
very limited mass loss during OER cycling at pH 13, with a slight drop of its mass 
observed at high potential. Similar observation was made for the amorphous 
Ni(Fe)OOH film. On the contrary, a severe mass loss is recorded for LLNO, this loss 
being potential-dependent and occurring above 1.5 V vs. RHE in the water oxidation 
region. Overall, a mass loss higher than 10 wt.% could be observed after 30 cycles, 
the first cycle accounting for most of this loss which gradually slows down during the 
subsequent cycles. Repeating these EQCM measurements at varied pH for LLNO 
(Figure S12), it is observed that the mass loss increases with pH. This observation is 
consistent with the RRDE results discussed above, and indicates that surface 
degradation is pH dependent for this nickel-based Ruddelsden-Popper oxide. A 
reversible evolution of lattice oxygen, the mechanism often proposed for the redox 
active compounds, would be counter-balanced by water adsorption and should not 
lead to any mass loss. Our results clearly show that this redox process is accompanied 
with drastic degradation for the LLNO catalyst.  
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Figure 4. Comparison of the mass loss of LaNiO3–δ, La2Li0.5Ni0.5O4 and Ni(Fe) hydroxide 
catalysts upon cycling in KOH solution (pH = 13) recorded by electrochemical quartz 
crystal microbalance (EQCM). 
 
We further studied the surface properties of the cycled LLNO and LaNiO3-δ samples 
by HAADF-STEM and XAS at the Ni K-edge (Figure 5). A thin amorphous layer was 
observed on cycled LLNO samples (after 30 CV cycles), as revealed by 
HAADF-STEM (Figure 5a), the thickness of which grows from ≈ 2 to 6 nm when 
increasing the pH from 12.5 to 14. To grasp more information about the surface 
amorphization process, XAS at Ni K-edge was conducted in both bulk-sensitive 
fluorescence yield (FY) mode and surface-sensitive total electron yield (TEY) mode 
(Figure 5b and 5d, respectively). No significant modification of the Ni oxidation state 
after cycling is observed at each pH when compared to the pristine sample, unlike 
what could be observed for other redox active perovskites such as 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ
6, 37
 The corresponding EXAFS spectra also confirmed that the 
atomic local environment on the surface of this oxide is maintained upon cycling, 
with the apparition of a new feature at around 2 Å in reduced distances which would 
correspond to an edge-shared octahedra coordination growing with pH. EDX analysis 
was then conducted to provide information about the chemical compositions of the 
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amorphous film (Figure S13). When compared to the bulk crystals, the amorphous 
layer shows similar elemental distributions including Ni, La, and O. Recrystallization 
process of the surface is observed under the electron beam (Figure S13), with only a 
loss of long range order possibly due to atomic defects (vacancies) formed upon 
cycling. This observation indicates that not only Li is leached out during cycling, but 
that La and Ni cations are also continuously lost on the surface leading to a drastic 
loss of mass as shown by EQCM. Hence, these results show that the amorphous thin 
layer formed on the LLNO surface mostly originates from the redox activity of the 
surface, suggesting that the edge-shared octahedra motifs observed by EXAFS grow 
farther from the surface of the particles. Nevertheless, this result cannot explain the 
loss of more than 10% in mass of catalyst as recorded by EQCM (Figure 4a). Bearing 
in mind that the solubility of nickel in alkaline conditions is rather small, we 
hypothesize that clusters of nickel hydroxides could be formed in solution away from 
the electrode and do not deposit onto the surface of crystalline LLNO. 
 
Figure 5. Surface deconstruction of La2Li0.5Ni0.5O4 catalyst. (a) HAADF-STEM images of 
cycled LLNO catalysts in KOH solutions at different pH. (b-e) Ni K-edge X-ray 
absorption spectra and the corresponding EXAFS oscillations recorded for LLNO after 
cycling in KOH solutions at different pH. (b) and (c) are recorded in the bulk-sensitive 
fluorescence mode (FY), (d) and (e) are recorded in surface-sensitive total electron 
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yield (TEY) mode. 
 
As suggested in this work, the electrochemical activity and stability of oxide catalysts 
are related to their crystal and electronic structures but also to the pH of the 
supporting electrolyte. Using LLNO as a model compound, we show that pH 
dependence for the anodic current measured with crystalline compounds can be 
associated with severe surface degradation and lower oxygen evolution efficiencies, 
unlike for amorphous catalysts. Combining post mortem analysis, we could explain 
this phenomenon in terms of surface instability and degradation related to cations 
leaching at high potential. Therefore, we believe that in order to accurately evaluate 
the intrinsic OER activities of highly active oxide catalysts which may involve the 
redox activity of lattice oxygen, it is essential to decouple the contributions of the 
water oxidation and the oxygen evolution from the degradation processes associated 
with catalyst degradation under anodic current. Toward this perspective, the use of 
RRDE experiments appears as a promising strategy for accurately assessing the true 
oxygen evolution contribution to the anodic current.
31
 In addition to RRDE, more 
efforts should be devoted to developing proper characterizations for online detection 
of gas evolution
38
, mass dissolution
39
, and intermediates formation by surface-enhanced 
Raman spectroscopy
40 to provide more in-depth information about the complex surface 
dynamics involved during the OER. We believe that this work will set up future 
strategies to assess the real performances of potential OER catalysts and we can 
foresee that catalyst structuration, which has been critical for developing advanced 
oxygen reduction reaction (ORR) catalysts,
41
 will become even more important for 
designing stable and active OER catalysts. 
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